Field bindweed is a serious perennial weed in many crops and is prevalent in almost every agricultural area of the world (Holm et al. 1977) . Effective control of this weed using current methods such as cultivation, crop rotation, and chemical herbicides (Derscheid et al. 1970 ) is often not possible because of its extensive root system, high competitiveness, and variable susceptibility to several important herbicides (DeGennaro and Weller 1984; Kosinski and Weller 1989; Whitworth and Muzik 1967; Yerkes and Weller 1996) . In addition, the move toward reduced cultivation or zero tillage has led to an increased prevalence of field bindweed (Phillips et al. 1980 ).
Field bindweed reproduces by seeds and vegetatively by endogenous root buds, but the importance of establishment from seed is often underestimated (Weaver and Riley 1982) . Individual plants produce 25 to 300 seeds plant-1, resulting in up to 20 million seeds ha-1. Field bindweed-infested cultivated soil can have > 250 seeds m-2 in the top 15 cm of soil, and these seeds can remain viable in the soil for 20 yr or more (Weaver and Riley 1982) . Germination occurs throughout the growing season if moisture is adequate, with a germination peak in late spring or early summer.
The first reported incidence of field bindweed being infected by the foliar pathogen Phomopsis convolvulus Ormeno was in 1988 (Ormeno-Nufiez et al. 1988a). Since then, studies on host specificity, conidia mass production, storage, and efficacy of foliar treatments have been carried out (Morin et al. 1989a (Morin et al. , 1989b (Morin et al. , 1990 Ormeno-Nufiez et al. 1988b ).
One key characteristic of the fungus that has limited its efficacy is the requirement for a relatively long dew period during the germination and infection phases for sufficient disease to develop. In an attempt to overcome this limitation, a granular preemergence formulation of ? convolvulus has been developed and tested. Inoculum produced on pot barley (Hordeum vulgare L.) grains and applied on the soil surface showed high efficacy of control against field bindweed seedlings and established plants under both controlled environment and field conditions (Vogelgsang et al. 1994 (Vogelgsang et al. , 1998a . However, levels of weed control after field applications often vary and are largely dependent on environmental conditions at the time of application (Watson and Wymore 1990) . As demonstrated in other studies (Jackson et al. 1996; Jones et al. 1988 ; Kempenaar et al. 1996 ; Weidemann and Templeton 1988), infective propagules of soil-applied bioherbicides could be protected from adverse environmental conditions through inoculum incorporation into the soil, thus possibly leading to consistently higher levels of weed control. Furthermore, the dose of soil-applied ? convolvulus in earlier studies was rather high at 30 g 0.25 m-2 (Vogelgsang et al. 1994), representing a constraint for practical field applications. The objectives of this study were to: (1) evaluate the effect of preemergence soil incorporation of ? convolvulus inoculum compared with surface application, and (2) determine the effect of application rate of ? convolvulus on field bindweed seedling growth under both controlled environment and field conditions.
Materials and Methods Inoculum Production of Starter Cultures
Single conidia isolates of P convolvulus were maintained on potato dextrose agar (PDA)1 at 4 C. From these stock cultures, small pieces of mycelia were placed on 9-cm-diam petri dishes with PDA and incubated in the dark at 24 ? 1 C. After 4 to 5 d, several mycelial plugs of 1 cm in diameter were transferred to PDA plates and incubated at room temperature (21 ? 2 C) and 12 h near-ultraviolet light d-1.2 After 3 wk, conidia were harvested by washing plates with 12 ml of sterile deionized water. Conidia density was then adjusted to 1 X 107 conidia ml-1 with the aid of a hemocytometer.
Preparation of Granular Barley Inoculum
For controlled environment experiments, 20 ml of deionized water was added to 20 g of pot barley grains in 250-ml Erlenmeyer flasks and autoclaved (18 min, 100 kPa, 120 C). Flasks were cooled to room temperature and inoculated with 1 ml of the previously prepared conidia suspension starter culture. Flasks were incubated at room temperature (21 ? 2 C), exposed to 12 h near-ultraviolet light d-1, and shaken every second day by hand to inhibit the substrate from clumping. Colonized barley grains were harvested after 3 wk and milled using an electric coffee grinder.3 The granules produced were dried for 2 d and sieved, resulting in inoculum particles < 710 ,urm diam. In an earlier study, inoculum of this size was found to have a high preemergence activity and a shelf-life of at least 6 mo (Vogelgsang et al. 1994) .
For field experiments, 1-L screw cap bottles containing 100 g of autoclaved barley grains and 80 ml deionized water were inoculated with 5 ml of the conidia suspension starter culture and incubated as described above. Following a 3-wk incubation and 2 d before application treatments, a portion of the granules was milled as described above. Because sieving is quite time-consuming and often leads to substantial losses of inoculum, material was ground a second time using an electric meat grinder,4 resulting in a mixture of largeand small-sized particles, with approximately 70% of the particles being < 710 ,um diam.
To determine conidia production and viability of inoculum produced on the barley grains, 1 g granule samples were routinely tested as described previously (Vogelgsang et al. 1 998a).
Plant Production
For controlled environment experiments, field bindweed seeds5 were washed under warm running tapwater for 2 h and soaked overnight in deionized water. Imbibed seeds were then incubated in the dark on moist paper towels in a glass petri dish at 24 ? 1 C for 24 to 36 h. Four germinated seeds having emerged radicles were sown 3 cm deep into 10-cm-diam plastic pots containing a commercial potting medium.6 Pots were placed in a growth chamber7 at 23/18 ? 1 C day/night temperature with a 15-h photopeniod (350 jimoh-2m-2s').
Field experiments were performed at the Horticulture Research Centre of Macdonald Campus (McGill University), Ste-Anne-de-Bellevue, Quebec, Canada. The soil was a Chicot fine-sandy loam with 70% sand, 20% silt, 10% clay, pH 5.3, and 3% organic matter. For field trials, seeds were soaked for 20 s in boiling water and incubated in the dark on moist paper towels in a plastic tray for 24 to 36 h at 30 ? 1 C. Two hundred imbibed seeds were sown in 0.25-m2 field plots at a depth of approximately 6 cm. For incorporation experiments, both spring and summer trials were carried out with sowing taking place on May 24 and July 18 in 1996, and May 22 and July 31 in 1997, respectively. The delay in the 1997 summer trial seeding was because of poor emergence of field bindweed seedlings after sowing on July 14. Therefore, the trial was repeated, and seeds were sown 2 wk later. For dose-response experiments, seeds were sown on July 21, 1995, and July 19, 1996, respectively. Air temperature, soil temperature, and precipitation data were obtained from the McGill Meteorological Observation Centre (1.5 km from the field site). To facilitate germination of field bindweed seedlings, additional irrigation was carried out for some incorporation trials. During the 1996 and 1997 spring trials, no precipitation was received for nearly 2 wk after sowing; hence, plots were watered as needed (approximately 1 L plot-1 per watering). During the 1996 summer trial, weather conditions were much wetter, and no supplemental irrigation was required. For the 1997 summer trial, temperature and precipitation were variable, and irrigation was carried out once after fungal application.
Inoculation Procedures Incorporation Experiment
Under the controlled environment, applications were performed on the day of sowing. One gram of granular inoculum containing 1 to 2 X 109 conidia with > 80% germination was manually spread either on the soil surface or incorporated at a depth of 1.5 or 3 cm, respectively. Incorporation was performed by filling pots with potting medium up to the final level minus 1.5 or 3 cm, placing inoculum on the surface, and adding the remaining volume of potting medium on top of the granules. To ensure high relative humidity, pots were covered with plastic bags immediately after inoculation, and bags were left on until all seedlings had fully emerged (5 to 6 d).
Under field conditions, 30 g of inoculum with 8 X 109 to 3 X 1010 conidia and > 90% viability was applied 3 d after sowing (DAS). Inoculum was either spread uniformly by hand on the soil surface or incorporated by mixing granules in a soil layer of approximately 5 cm with the aid of a hand cultivator. In all trials, inoculations were carried out late in the afternoon.
Dose-Response Experiment
Under the controlled environment, granule rates of 1, 0.75, 0.5, and 0.25 g were tested, with the highest rate based on the dose used in preliminary studies (Vogelgsang et al. 1994 ). Conidia quantity and viability was equivalent to that of the incorporation experiment under the controlled environment described above. Inoculum was manually spread on the moistened soil surface, and pots were immediately covered with plastic bags until all seedlings had emerged (5 to 6 d). Inoculum applications were conducted 1 and 2 DAS.
For field experiments, 30, 20, or 10 g of granular inoculum was uniformly spread by hand on the soil surface 3 and 4 DAS. In 1995, 30 g of granules contained 4 to 6 x 109 conidia with 50 to 70% viability, whereas in 1996, 2 x 1010 conidia with > 85% viability was produced. The low germination rates in 1995 were likely due to an unexpected temperature decline (approximately 6 C) in the incubator used for the germination tests. Controls were either uninoculated (considered 3 DAS) or inoculated with 30 g of autoclaved (twice for 30 min) granular inoculum (4 DAS). In both trials, all applications were carried out late in the afternoon.
Assessment of Efficacy
For all controlled environment experiments, foliar necrosis was evaluated 8 DAS using the following rating system: 0 = no visible symptoms, 1 = 1 to 25% necrosis, 2 = 26 to 50% necrosis, 3 = 51 to 75% necrosis, and 4 = 76 to 100% necrosis (Ormeno-Nuinez et al. 1988a). Mortality was assessed 13 DAS by counting the number of seedlings with completely necrotic hypocotyls. Disease rating and mortality determination were performed for each plant, and results were pooled and averaged for each pot. Aboveground and root biomass were determined 13 and 14 DAS, respectively. Plants were cut at the soil line, roots were carefully removed from the potting medium, and living tissues were dried in paper bags for 4 d at 60 C and weighed. Biomass was recorded as total biomass per pot. For all field experiments, foliar necrosis was evaluated 18 DAS. For incorporation and dose-response experiments, mortality was determined 24 and 25 DAS, respectively, and was obtained by subtracting the number of live plants at harvest from the number of initially emerged seedlings. Aboveground biomass per plot was harvested 25 and 26 DAS, respectively.
Experimental Design and Data Analysis
All experiments were performed twice. Controlled environment studies were set up in a completely randomized design with four replicates per treatment. For field trials, a randomized complete block design with five blocks was used, and the experiment was blocked across a slight slope within the field site. For incorporation and dose-response experiments, a total of 15 or 40 plots (0.25 m2), respectively, were established each year. The distance between plots and experimental blocks was 0.5 and 1 m, respectively. In an attempt to reduce rain-splash dispersal of inoculum, 15-cm garden edgings were placed between experimental plots to create approximately 9-to 10-cm barriers. Mortality and biomass data were arcsine or logio (x + 1) transformed as appropriate prior to analysis of variance, and differences between treatment means were determined using Tukey's W test (cx = 0.05) (Steel and Torrie 1980) . Disease ratings for experiments in the controlled environment and in the field were compared using the Kruskal-Wallis one-way analysis of variance by ranks or the Friedman test, respectively, followed by a multiple-comparison procedure to evaluate differences between treatment means (Daniel 1978) . In both controlled environment and field studies, results for the two trials were not pooled because of heterogeneity of variances as determined by Levene's test (Dufner et al. 1992 ).
Results and Discussion

Incorporation Experiment Controlled Environment
Seedlings typically emerged 3 to 4 DAS. Disease symptoms were visible for all inoculum applications; however, incorporation of the granules resulted in greater necroses compared with surface applications (data not shown). Incorporated inoculum produced necrotic spots on both cotyledons and hypocotyls, whereas surface-applied granules did not lead to disease symptoms on hypocotyls. Different incorporation depths had no significant effect on disease development. Greater mortality, however, occurred when granules were incorporated than when surface applied, but the difference was significant in only one of the two trials (data not shown). Similarly, all fungal treatments resulted in significant reductions in field bindweed aboveground and root biomass (P < 0.05), but disease incidence for plants subjected to the incorporation treatments was more severe than for soil surface applications (Figure 1) . In the first and second trial, incorporation of fungal granules reduced aboveground biomass as much as 96 and 93%, respectively, whereas aboveground biomass reductions following surface applications in the two trials were only 83 and 40%, respectively. A similar trend was observed for root biomass reduction of field bindweed (Figure 1) .
Granules covered by a layer of soil were likely protected from desiccation and alternating temperatures, whereas inoculum on the soil surface could have lost viability. This protective effect may have been crucial, because inoculations under the controlled environment were performed immediately after sowing, resulting in an interval of 3 to 4 d between fungal application and emergence of field bindweed seedlings. This finding supports earlier studies using preemergence-applied 1? convolvulus inoculum, showing that the level of weed control declines with increasing time intervals between inoculation and seedling emergence (Vogelgsang et al. 1994). Necroses observed on hypocotyls of plants subjected to the granule incorporation treatments also suggest improved contact between conidia and vulnerable seedling stages. Movement of conidia in soil water channels could have had a similar effect, resulting in a greater infection rate, regardless of the depth of incorporated inoculum. Furthermore, early infection by way of hypocotyls beneath the soil surface could have led to advanced disease development compared with infection of later emerging cotyledons.
Field Trials
Most seedlings emerged 4 to 6 DAS. For spring trials in 1996 and 1997, initial weather conditions were cool and dry (Figures 2A and 2C) . Average air temperatures shortly after inoculum application were between 9 to 16 and 10 to 17 C, respectively. In both years, temperatures at night dropped as low as 3 C. Weather conditions following summer applications in 1996 and 1997 were warm with variable precipitation (Figures 2B and 2D) . Average air temperatures were between 20 tO 22 and 17 tO 24 C, respectively. Although spring and summer trials generally produced similar results, treatment differences were most evident during spring trials. For summer fungal applications, the overall level of field bindweed control was generally greater than for spring trials, and treatment differences were less pronounced. Higher air and soil temperatures and more frequent thunderstorms during July and August could have. favored both the infection rate and dissemination of fungal inoculum through splash dispersal.
Spring and Summer Trials
Severe disease development and significant reductions in aboveground biomass were achieved for both treatments.
However, in contrast to experiments under controlled environments, surface applications resulted in higher disease incidence compared with incorporation of inoculum. Necrotic spots on hypocotyls following incorporation were present but were not as severe as in experiments under controlled environments. In spring and summer trials, 75 and 99 of the seedlings were killed following application of the granules on the soil surface, while mortality rates of only 33 and 50 were obtained after soil incorporation of the inoculum (Table 1) . Likewise, aboveground biomass reductions for surface applications reached 93 and nearly 100, whereas biomass for plants subjected to the incorporation treatment was reduced 62 and 97 compared with uninoculated controls ( Figure 3A) .
Severe attack by tortoise beetles (Chrysomelidae, Cassidinae, Chelymorpha) was observed during both spring and summer trials of 1997, resulting in generally lower growth rates for plants in all treatments compared with results obtained in 1996. In spring and summer, 44 and 99 of field bindweed seedlings were killed following surface application, whereas mortality rates of 22 and 80 were obtained after granule incorporation (Table 1) . Aboveground biomass was reduced 72 and nearly 100 following surface inoculum application, while only 31 and 96 biomass reduction occurred when plants were subjected to the incorporation treatment ( Figure 3B ).
All field trial results differed from findings obtained under controlled environment studies. Inoculum applied on the soil surface in the field produced more severe disease symptoms, thus resulting in more effective control compared with the incorporation of granules. It should be noted that granule incorporation in the field was achieved by mixing inoculum with soil throughout a 5-cm soil layer rather than placing the inoculum at a specific soil depth. Hence, the density of infective propagules could have been decreased, resulting in fewer contacts between the fungal pathogen and its weed host. Moreover, rain splash and wind dispersal as well as run-off are common events in the field that may have enhanced the dissemination of the fungal inoculum on the soil surface (Fitt et al. 1989; Madden 1992) . Apart from climatic conditions, the contrasting results obtained in the field vs. in controlled environment could also be explained by several biotic or methodological factors. Soil type may have had a strong influence on the performance of the fungus. The enhanced activity of inoculum applied to field soil compared with inoculum applied to sterilized potting media in controlled environments could be explained by the greater density of soil microorganisms typically found under field conditions. The presence of these microorganisms may have led to intense competition for resources (Waksman 1952 1988) . Some of the above-mentioned pathogens are known to be soilborne and to cause systemic infections. Hence, the ability of P convolvulus conidia to attack field bindweed belowground plant parts or to cause systemic infection requires further investigation.
Dose-Response Experiment
Controlled Environment
Seedling emergence occurred 3 to 4 DAS. All fungal applications resulted in severe disease development (data not shown), but the effect of dose was limited. As demonstrated in other studies using P convolvulus, date of inoculation was more important and disease response less pronounced when granules were applied shortly after sowing (Vogelgsang et al. 1994 (Vogelgsang et al. , 1998a (Vogelgsang et al. , 1998b . Following fungal application, seedling mortality in the first trial ranged between 50 (1 DAS, 0.25 g pot-1) and 100% (2 DAS, 0.5 or 0.75 g) ( Table 2) . Similarly, field bindweed aboveground biomass was reduced between 74 (1 DAS, 0.25 g) and 100% (2 DAS, 0.75 g) ( Table 2 ). Root biomass results showed the same trends (data not shown). Surprisingly, the average biomass of plants subjected to the 1-g pot-' treatment 1 DAS was slightly greater than the biomass for other dose treatments on the same application date. A possible explanation for this unexpected result is the escape from inoculation of two plants in one of the treated pots. In the second trial, trends were similar, with 31 (1 DAS, 0.5 g) and up to 94% (2 DAS, 1 g) of seedlings killed (Table 2) aboveground biomass was reduced between 48 (1 DAS, 0.5 g) and 98% (2 DAS, 1 g) ( Table 2 ).
and 1996 Field Trials
Most field bindweed seedlings emerged 3 to 5 DAS.
Weather conditions during the 1995 trial were generally warm with variable precipitation ( Figure 4A ). Average air temperatures shortly after inoculum application ranged be- tween 21 and 25 C. During the 1996 trial, weather conditions were initially cooler (average air temperatures were between 17 and 22 C) and drier than in 1995 ( Figure 4B) .
In 1995, all field bindweed seedlings rapidly developed disease symptoms following fungal application, regardless of the dose applied. In contrast to experiments in a controlled environment, disease incidence was similar for both application days. Some control plants also showed necrotic spots, indicating that the garden edgings placed around field plots did not completely prevent splash dispersal of the pathogen. Moreover, "control" plants subjected to an application of autoclaved fungal granules developed a slightly greater degree of disease severity (data not shown). This might have been caused by phytotoxins (Tsantrizos et al. 1992) or by insufficient autoclaving, resulting in some conidia viability. However, a germination test carried out shortly after field application showed no viable conidia. The aboveground biomass of field bindweed seedlings exposed to any one of the fungal granule rates was reduced nearly 100% compared with uninoculated controls (Table 3) . Similarly, 99 to 100% of inoculated seedlings were killed (Table 3) .
In 1996, initial disease development on inoculated field bindweed seedlings was very low, with most plants showing normal growth and the presence of only a few necrotic spots. However, 2 to 3 d after a relatively heavy rainfall (20 mm, 12 DAS), all treated seedlings showed severe necrotic symptoms. In contrast to 1995, plants were not affected by autoclaved inoculum. Although field bindweed control was slightly lower than in 1995, aboveground biomass was reduced 94 (20 g, 4 DAS) and 98% (30 g, 4 DAS) when compared with uninoculated controls (Table 3) . Likewise, mortality of inoculated seedlings ranged between 85 and 93% ( Table 3 ). The substantially lower field bindweed biomass observed for all treatments in 1995 may have been due to poor seedling emergence.
At the lowest granule rates used in this study (10 g 0.25 m-2), the minimum threshold density of infective propagules required for optimal field bindweed control had not been attained. This was particularly the case for field trials, where disease development was improved and more consistent compared with controlled environment trials. Vogelgsang 
